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Dark fermentation hydrogen production from arabinose at concentrations ranging
between 0 and 100 g/L was examined in batch assays for three different mixed anaerobic
cultures, two suspended sludges (S1, S2) obtained from two different sludge digesters
and one granular sludge (G) obtained from a brewery wastewater treatment plant. After
elimination of the methanogenic activity by heat treatment, all mixed cultures produced
hydrogen, and optimal hydrogen rates and yields were generally observed for concentra-
tions between 10 and 40 g/L of substrate. Higher concentrations of arabinose up to 100 g/L
inhibited hydrogen production, although the effect was different from inoculum to inoc-
ulum. It was evident that the granular biomass was less affected by increased initial arab-
inose concentrations when calculating the rate of decrease in hydrogen yields versus
arabinose concentrations, compared against the two suspended sludges.
The largest amount of soluble microbial product produced for all three inocula was for
n-butyrate. Also, valeric acid production was observed in some samples.
ª 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
reserved.1. Introduction Dark fermentation of hexoses has been extensively studiedHydrogen appears to be an ideal candidate as an alternative to
fossil fuels. It has the highest energy content per unit of
weight for any known fuel, it is fifty percent more efficient
than gasoline in automobiles, and it can be used to generate
electricity by fuel cell technology [1,2]. Hydrogen can be
obtained via non-biological and biological processes. Non-bio-
logical processes use fossil fuels as a source for hydrogen
production [3]. In this case, however, hydrogen cannot be
considered an alternative energy source. Conversely,
hydrogen can be obtained biologically from photolysis carried
out by algae and cyanobacteria and also via fermentation by
anaerobic bacteria. However, the rate of hydrogen production
from fermentation is greater compared to photolysis [3].; fax: þ351 253678986.
inho.pt (M.M. Alves).
ational Association for Husing a variety of anaerobic inocula under different growth
and operational conditions while biohydrogen production
from pentoses has been less well characterized [4]. Few
reports have demonstrated biohydrogen production directly
from arabinose, one of the most common pentoses and
a component of various hemicellulosic and plant polysaccha-
rides. Two studies have successfully resulted in the isolation
of Clostridia species that produced hydrogen using arabinose
as the substrate [5,6]. However, the effect of substrate concen-
tration on hydrogen production was not determined and the
products of arabinose fermentation were not identified.
Previous studies carried out with other sugars have shown
that different substrate concentrations have an effect on the
amount of hydrogen produced [7–13]. In addition, differentydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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hydrogen with varying production rates [4,12,14,15]. The
work presented herein examines the effect of different
concentrations of arabinose on hydrogen production for three
different anaerobic mixed cultures.Time (hours)
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Fig. 1 – Biohydrogen production from three different
sludges with an initial arabinose concentration of 75 g/L.
Error bars represent one standard deviation of triplicate
bottles.2. Materials and methods
2.1. Inocula
Anaerobic sludge was obtained from three different waste-
water treatment plants in Portugal. Sludge S1 was dispersed
sludge obtained from a sludge digester supplemented with
fat, located in a municipal wastewater treatment plant in
Coimbra. Sludge S2 was dispersed sludge obtained from
a municipal wastewater treatment plant digester located in
Oporto. Sludge G was obtained from an upflow anaerobic
granular sludge (UASB) reactor treating brewery wastewater.
Sludges S1, S2 and G were autoclaved in order to suppress
the methanogenic hydrogenotrophic activity.
2.2. Batch culture inoculation and operation
Batch experiments were conducted in 125-mL serum bottles
containing 20 mL total of innocula and media. The media
composition was as previously described [16,17]. The initial
biomass concentration was approximately 10 g/L of volatile
suspended solids.
Prior to inoculation, suspended heat treated sludge was
centrifuged (5000 rpm for 5 min), washed in media, centri-
fuged (5000 rpm for 5 min), and added to serum bottles. Heat
treated granular sludgewas first filtered using a 0.2-mm sieve.
Then, the sludge remaining on top of the sieve was added to
serum bottles. The final concentration of arabinose in each
bottle was 0, 10, 20, 30, 40, 50, 75, and 100 g/L. The initial pH
of the batch experiments was adjusted to 6.5 by flushing the
headspace of each batch reactor with 100% CO2 for several
minutes. Batch cultures were placed on a rotary shaker
(150 rpm) and incubated at 37 C (2 C). Experiments at
each substrate concentration were conducted in triplicate.
2.3. Monitoring and analysis
Soluble microbial products (formate, acetate, propionate, n-
and i-butyrate, valerate, and ethanol) and arabinose were
determined using a high performance liquid chromatograph
(Jasco, Japan) with a Chrompack column (6.5 30 mm2).
Sulfuric acid (0.01 N) was used as the mobile phase at a flow
rate of 0.7 mL/min. The temperature of the column was set
at 60 C. Detection of VFA, ethanol, and arabinose was accom-
plished by using a UV detector at 210 nm and a Refraction
Index (RI) detector, respectively.
Samples of biogas (0.1 or 0.2 mL) were removed using a gas-
tight, gas-locking syringe. Hydrogen concentrations were
monitored using a Hayesep Q column (80/100 mesh) and
a thermal conductivity detector (Varian 3300 Gas Chromato-
graph) with nitrogen (30 mL/min) as the carrier gas. The
injector, detector, and column temperatures were 120, 170,
and 35 C, respectively. Methane concentrations weremonitored using a Porapak Q (180–100 mesh) column and
a thermal conductivity detector (Chrompack), with helium
as the carrier gas (30 mL/min) and having the injector,
detector, and oven temperatures set at 110, 110, and 35 C,
respectively. The quantity of each gas was corrected to
1 atm and 0 C. Gas pressure was released using the Owen
method [18] via a 20-mL or 50-mL glass syringe. The amount
of gas present in the headspace of each batch reactor was
determined before and after releasing gas pressure. Hydrogen,
VFA, and ethanol concentrations for the control inocula (0 g/L
of arabinose) were subtracted from the values obtained in the
tests with 10–100 g/L arabinose. Volatile solids and volatile
suspended solids were measured according to standard
methods [19].
Hydrogen production rates and potential were determined
using the modified Gompertz equation (Eq. (1)) [14,20]:
HðtÞ ¼ P exp

 exp

Rme
P
ðl tÞ þ 1

(1)
where H(t) is the cumulative hydrogen production (mL); P is
the hydrogen production potential (mL); Rm is the maximum
hydrogen production rate (mL/h); e is approximately 2.718; l
is the duration of the lag phase (h); and t is time (h).3. Results and discussion
Hydrogen production occurred for all three sludges but there
were differences in the yields, lag times, and rates. Methane
production was not detected in any of the batch cultures. An
example of the hydrogen production for the three different
inocula for an initial arabinose concentration of 75 g/L is
shown in Fig. 1.
Granular sludge produced the most hydrogen (50 mL) with
the shortest lag phase (15 h) followed by S2 (34 mL and 29 h)
with S2 biomass producing the least hydrogen (approximately
15 mL) with the longest lag phase (approximately 45 h). The
modified Gompertz equation was used to calculate the values
for the maximum hydrogen production rate, hydrogen
production potential, and duration of the lag phase for all
batch reactors. In addition, the R2 values listed are the ranges
i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 3 3 ( 2 0 0 8 ) 4 5 2 7 – 4 5 3 2 4529of the values obtained for modelling the individual triplicate
bottles. The results are shown in Table 1.
For the S1 biomass, the largest amount of hydrogen
production and themaximum rateswere obtained for concen-
trations of arabinose of 30 and 40 g/L, respectively. Similar
values were also obtained for arabinose concentrations of 20
and 50 g/L. However, the lag phase was longer for 10 and
20 g/L arabinose compared to concentrations between 30
and 50 g/L. The rate of hydrogen production and hydrogen
production potential decreases for 75 g/L and reaches
a minimum at 100 g/L. This suggests an inhibitory effect by
high concentrations of arabinose. Previous studies have
shown that hydrogen production and rates peak at 20 g/L
COD xylose (another pentose) and decrease significantly
when initial concentrations were increased [11]. Possible
reasons for the decrease in hydrogen production include
substrate inhibition, product inhibition, a combination of
both types of inhibition, and osmolality [21–24]. Similar results
were observed for the S2 biomass. Maximum hydrogen
production did not differ significantly for arabinose concen-
trations between 10 and 50 g/L, though peaking at 40 g/L.
The amount of hydrogen production from 75 g/L arabinose
was much higher for S2 than for the S1 sludge. The highest
concentration of arabinose tested (100 g/L) yielded the lowest
hydrogen production, lowest rate, and the longest lag time
further indicating the inhibitory effects caused by high
concentrations of substrate.Table 1 – Modified Gompertz equation parameters for the
three different sludges with varying amounts of
arabinose where P[ the hydrogen production potential,
Rm[maximum hydrogen production rate, and l [ lag
phase. The R2 values listed are the range of the values
obtained for modelling the individual triplicate bottles
Arabinose (g/L) P (mL) Rm (mL/h) l (h) R
2
Dispersed sludge S1
10 35.9 1.7 1.5 0.5 37.5 1.1 0.9919–0.9937
20 53.9 1.3 2.3 0.1 38.2 4.8 0.9669–0.9720
30 59.7 4.2 2.8 0.3 16.0 1.5 0.9994–0.9996
40 53.6 3.3 2.5 0.0 17.8 0.4 0.9959–0.9998
50 49.1 1.1 2.4 0.2 17.5 0.4 0.9964–0.9987
75 13.1 2.6 0.4 0.1 47.0 4.3 1.0000–1.0000
100 2.9 0.1 0.3 0.0 58.1 0.6 0.9962–0.9966
Dispersed sludge S2
10 51.0 6.2 3.5 0.5 20.3 1.9 0.9937–1.0000
20 52.9 1.8 2.3 0.2 13.5 6.3 0.9582–0.9992
30 46.7 1.2 3.1 0.4 15.5 1.0 0.9375–1.0000
40 53.1 2.6 3.8 0.0 19.6 0.5 0.9999–1.0000
50 50.8 0.9 3.3 0.8 18.4 1.1 0.9993–1.0000
75 33.8 1.8 2.3 0.3 28.7 5.3 0.9996–1.0000
100 9.0 1.8 0.4 0.4 87.5 3.8 1.0000–1.0000
Granular sludge G
10 46.8 0.3 3.8 0.3 14.7 0.7 0.9999–1.0000
20 48.7 0.4 3.5 0.1 10.8 4.1 0.9983–0.9999
30 60.3 0.2 3.6 0.2 13.2 0.4 0.9991–0.9999
40 50.6 0.4 2.9 0.4 11.0 1.8 0.9999–1.0000
50 52.7 1.8 2.7 0.6 11.5 0.3 0.9926–0.9989
75 50.1 4.3 2.9 0.4 14.9 0.4 0.9956–0.9998
100 24.9 0.7 2.7 0.0 23.0 0.4 1.0000–1.0000The granular sludge produced similar amounts of
hydrogen for concentrations between 10 and 75 g/L, reaching
a peak production of 60 mL of H2 for 30 g/L arabinose. It also
endured similar lag times with the shortest lag of 10 h for
20 g/L arabinose. The lowest amount of hydrogen produced
(25 mL) was for 100 g/L arabinose. Arabinose concentrations
of 75 and 100 g/L generated the largest hydrogen production
rates and potentials and shortest lag times when compared
against the results from the other two sludges. One possible
explanation for the smaller inhibitory effect is the granular
nature of the sludge. Hydrogen producing populations just
beneath the surface of the granule would be exposed to
a substrate concentration gradient that, at decreased concen-
trations of arabinose or metabolic by-products, is possibly no
longer inhibitory. The high degree of correlation between the
data and the model for all three biomasses suggested that the
modified Gompertz equation adequately described the data.
Hydrogen yields were calculated for all batch reactors
based on the amount of arabinose consumed and the amount
of hydrogen produced. Fig. 2 depicts the changes in the
maximum rate of hydrogen production (Rm) and hydrogen
yields versus initial arabinose concentrations. In general, as
the initial concentration of arabinose increases, hydrogen
yields and rates decrease. However, there are differences
between the three different biomasses. Significant decreases
in yields and rates were observed for the initial arabinose
concentrations of 75 and 100 g/L and 100 g/L for the S1 and
S2 biomasses, respectively. However, for the granular
biomass, rates of hydrogen production potential were similar
for concentrations between 10 and 100 g/L. Therefore, it was
evident that the G biomass was less affected by increased
initial arabinose concentrations when calculating the rate of
decrease in hydrogen yields versus arabinose concentrations
(slope¼ –0.10; R2¼ 0.9946), compared against S2 biomass
(slope¼ –0.16; R2¼ 0.9181) and S1 biomass (slope¼ –0.19;
R2¼ 0.9279) (data not shown).
In addition, the consumption of arabinose decreased for
higher concentrations of arabinose suggesting inhibition
(Table 2). The highest hydrogen yield was observed for the
S2 biomass (1.98 0.31 mol H2/mol substrate consumed) for
10 g/L arabinose. Granular biomass produced the highest
hydrogen yield for 10 g/L arabinose when compared to other
concentrations for the same inoculum. However, the amount
(1.56 .01 mol H2/mol arabinose) was lower than the value for
the S2 biomass. The highest hydrogen yield for the S1 sludge
was produced at 20 g/L arabinose and was the smallest of all
the inocula tested (1.46 0.09 mol H2/mol arabinose).
The yields and rates of hydrogen production are different
when compared against the values obtained for pure culture
Clostridium sp. No. 2 fed arabinose [6]. Clostridium sp. strain
No. 2 produced 3600 mL H2/L culture with a hydrogen yield
of 2.2 mol H2/mol of arabinose consumed with an initial arab-
inose concentration of 10 g/L. This value is approximately
1.6 greater than the average amounts produced by S2
(51 mL H2/20 mL culture), S1 (36 mL H2/20 mL culture) or G
(47 mL H2/20 mL culture) inocula for the lowest concentration
of arabinose tested (10 g/L) (average of 44 mL H2/20 mL culture
or 2200 mL H2/L culture). The amount of hydrogen produced
from the three sludges in this study is similar to the amount
of hydrogen produced in unacclimated sewage and distillery
0.0
0.5
1.0
1.5
2.0
0 20 40 60 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
H
2 
yi
el
d 
(m
ol 
H 2
/ m
ol
 a
ra
bi
no
se
)
R
m
 (mL/hr)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
R
m
 (mL/hr)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
R
m
 (mL/hr)
2.5
0
0.5
1
1.5
2
H
2 
yi
el
d 
(m
ol 
H 2
/ m
ol
 a
ra
bi
no
se
) 2.5
0.0
0.5
1.0
1.5
2.0
H
2 
yi
el
d 
(m
ol 
H 2
/ m
ol
 a
ra
bi
no
se
)
2.5
80
Arabinose Concentration (g/L)
0 20 40 60 10080
Arabinose Concentration (g/L)
0 20 40 60 10080
Arabinose Concentration (g/L)
R
m
H2 Yield
R
m
H2 Yield
R
m
H2 Yield
A
B
C
Fig. 2 – Hydrogen yields and maximum hydrogen
production rates (Rm) versus different arabinose
concentrations for S1 (A), S2 (B), and G (C). Error bars
represent one standard deviation of triplicate bottles.
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L culture fed 20 g/L xylose) [15]. The rates of hydrogen produc-
tion for an initial concentration of 10 g/L of arabinose are
higher in strain No. 2 (550 mL H2/L culture-h) compared to
the three inocula used in this study (average of 2.6 mL H2/
20 mL culture-h or 130 mL H2/L culture-h) [6].
These differences in the amounts and rates of hydrogen
may occur from non-optimal conditions within the batch
reactors of the mixed cultures. For example, temperature
and pHwere shown to impact the rates and yields of hydrogen
in strain No. 2 [6]. In addition, micronutrient, macronutrient
and buffer concentrations can also influence the rates and
yields of hydrogen production [25–27]. Also, autoclaving toinhibit methanogenic activity may have depressed hydrogen
producing activity compared to alternative methods such as
bromoethanesulfonate (BES) or iodopropane [28].
3.1. Volatile fatty acid (VFA) and ethanol production
Soluble microbial products (SMP) released during fermenta-
tion are often used to evaluate the efficacy of hydrogen
production. SMP for all batch reactors are shown in Table 2.
For the S1 biomass, SMP increased to a maximum concentra-
tion of approximately 18200 mg/L COD for 30 g/L arabinose
and then decreased to a minimum concentration of approxi-
mately 2500 mg/L COD for 100 g/L arabinose. n-Butyrate was
the most prevalent of the SMP for arabinose concentrations
between 10 and 50 g/L. Valeric acid production was observed
for concentrations between 30 and 75 g/L arabinose, ranging
from 15 to 30% of the total SMP-COD. Production of valeric
acid did not decrease the rate or the quantity of hydrogen as
the highest amount of hydrogen production, rates, and short-
est lag timeswere observed at initial arabinose concentrations
of 30 and 40 g/L corresponding to valeric acid concentrations
of 2200 and 2300 mg/L, respectively.
Previous studies have shown production of high concen-
trations of valeric acid with UASB reactors [29,30]. In addition,
high valeric acid concentrations (approximately 2500 mg/L)
were observed for acid pre-treated sludge batch reactors fed
sucrose while batch reactors containing either heat treated
(0 mg/L) or alkaline treated biomass (250 mg/L) produced little
or none [31]. Rates and yields of hydrogen production
decreased in a sucrose-fed UASB reactor when concentrations
of valerate increased above 275 mg/L [24]. In contrast, impact
of valeric acid on biohydrogen production was inconclusive
on this sucrose-fed UASB because hydrogen production rates
and yields were at their highest and lowest at concentrations
of valeric acid observed in the UASB reactor between approx-
imately 450–500 mg/L [25].
The total amount of SMP produced for S2 biomass was less
than that produced for the S1. For arabinose concentrations
between 10 and 50 g/L, the SMP produced were within 10%
of each other, with the highest amount of SMP obtained for
40 g/L arabinose (approximately 10000 mg/L COD). Similarly
to the S1 biomass, the most-prominent of the VFA that were
produced was n-butyrate, with relative amounts between
60–67% of the total SMP for arabinose concentrations ranging
between 10 and 75 g/L. Unlike the S1 sludge, valeric acid was
not detected for any arabinose concentrations.
For the granular biomass, the SMP production increased to
amaximumconcentration of approximately 12 000 mg/L COD.
The total amount produced was generally higher when
compared against the values for the S2 sludge but less than
the amount produced for the S1 biomass. The largest
percentage of n-butyrate occurred for 10 g/L arabinose and
valeric acid was also produced. However, unlike the S1
inocula, production was observed for all concentrations of
arabinose tested.
A COD balance for S1, S2, and G indicated that all of the
metabolic products were identified (Table 2).
Butyrate to acetate ratios (Bu/Ac) are often used to as an
indicator of the extent of biohydrogen production. Previous
studies indicate that efficient hydrogen production occurs
Table 2 – Production of soluble microbial products (SMP) during fermentation with three different sludges under different
initial substrate concentrations
Arabinose
(g/L)
Arabinose
consumed (%)
SMP
(mg/L COD)
Formate
(%)
Acetate
(%)
Propionate
þ i-Butyrate (%)
n-Butyrate
(%)
Valerate
(%)
Ethanol
(%)
COD balance
(%)
Bu/Ac
Dispersed sludge S1
10 100.0 10725 0.8 16.7 0.1 66.0 0.0 16.4 113.4 4.0
20 62.5 10567 0.8 16.4 0.8 64.4 0.0 17.6 96.2 3.9
30 56.9 18171 0.9 11.3 1.8 48.0 25.6 13.6 107.0 4.3
40 40.0 16684 1.2 11.5 1.9 46.7 27.0 12.9 103.8 4.1
50 32.8 14616 1.7 10.4 1.9 45.2 29.6 12.6 98.5 4.3
75 19.3 7721 4.5 47.8 14.8 15.4 14.6 5.6 109.0 0.3
100 11.1 2572 8.1 81.4 5.8 1.5 0.0 3.3 106.4 0.0
Dispersed sludge S2
10 89.4 9269 1.3 15.5 8.0 59.5 0.0 16.1 111.1 3.8
20 53.4 9061 1.4 14.5 3.6 63.8 0.0 17.0 98.3 4.4
30 38.5 9913 1.2 14.3 0.1 66.7 0.0 17.7 98.0 4.7
40 31.7 9982 1.4 15.9 0.0 65.2 0.0 17.8 109.1 4.1
50 23.4 9521 2.2 14.2 5.1 61.9 0.0 16.9 115.6 4.4
75 18.2 6252 1.8 19.3 0.3 61.9 0.0 17.0 113.0 3.2
100 175 3386 3.8 25.6 5.3 5.8 0.0 60.4 100.2 0.2
Granular sludge G
10 100.0 7361 0.7 15.8 0.6 73.6 9.9 0.0 87.4 4.7
20 65.1 9174 1.3 11.8 0.8 54.3 18.3 14.2 93.9 4.6
30 51.1 10556 1.6 12.9 1.0 59.7 9.5 15.7 105.8 4.6
40 38.8 11197 1.8 10.7 1.4 55.0 17.5 14.5 108.2 5.1
50 33.5 10632 1.6 10.9 1.3 53.9 18.5 14.4 111.7 4.9
75 25.0 8853 1.8 15.5 1.6 62.0 3.2 16.7 110.1 4.0
100 18.0 5897 4.3 13.7 2.6 59.7 5.2 16.5 113.0 4.4
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varied between 0.0 for the S1 inoculum at 100 g/L and 5.1 for
the granular inoculum at 40 g/L arabinose (Table 2). When
the maximum hydrogen production was observed to be larger
than 25 mL (or approximately 40% of the maximum) then the
Bu/Ac ratio was between 3.2 and 5.1.4. Conclusions
The potential of dark fermentation hydrogen production from
arabinose by two suspended (S1, S2) and one granular (G)
anaerobic sludge was assessed in batch assays and optimal
hydrogen rates and yield were generally observed for concen-
trations between 10 and 40 g/L of substrate. Arabinose
concentration of 100 g/L inhibited the hydrogen production
although the granular sludge exhibited better hydrogen yields
and production rates for concentrations between 50 and
100 mg/L than the suspended sludges. The largest amount of
SMP produced for all three inocula was for n-butyrate. Also,
valeric acid production was observed in some samples. In
addition, hydrogen production increased when the Bu/Ac
ratios were between 3.2 and 5.1.Acknowledgements
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